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SUMMARY 


This paper presents static aerodyaamic loads measurements from wind-tunnel 
tests of a full-scale upper-surface blofm jet-flap configuration. The measured 
loads are compared with calculations using a recently developed method for pre- 
dicting longitudinal aerodynamic characteristics of upper-surface blown jet- 
flap coni s-gurations. 


INTRODUCTION 


The performance and stability and control of upper-surface blown (USB) jet- 
flap configurations have been well documented. (See refs. 1 to 9.) These 
results have usually been presented as force and moment coefficients over the 
range of variables investigated, and most early models were small-scale and 
powered with compressed-air simulated engines. Some information has been pub- 
lished concerning detailed wing and flap load distributions. (See refs. 9 
to 11.) 

The development of analytical methods for predicting USB performance and 
loads has lagged behind the experimental work by 2 or 3 years. Such methods, 
which treat the aerodynamic interaction between lifting surfaces and the high- 
velocity exhaust wake, are now beginning to appear in the literature. (See 
refs. 12 to 14.) 

In this paper, results of a loads investigation on a full-scale USB con- 
figuration powered with turbofan engines (presented previously in ref. 9) are 
presented. In addition, comparisons are made with calculated results based on 
an analytical method presently being developed under contract (which is an 
extension of the method of ref. 14). Measured wing and flap loads data are 
presented for parametric variations in angle of attack, flap deflection angle, 
and engine power setting, and for one engine inoperative. 
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SYMBOLS 


Measurements and calculations were made In U.S. Customary Units and are 
presented in both the International System of Units (SI) and U.S. Customary 
Units. 


a' location of leading edge of Krueger flap projected onto wing refer- 
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location of trailing edge of USB flap, double-slotted flap, or 
aileron, projected onto wing reference plane and expressed as a 
fraction of local wing chord 
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static thrust coefficient, — ^ 


local wing chc.d, m (ft) 
section normal-force coefficient. 





initial height of rectangular vortex ring 

initial width of rectangular vortex ring 

local static pressure, N/m^ (Ib/ft^) 

free-stream static pressure, N/m^ (Ib/ft^) 

free-stream dynamic pressure, N/m^ (Ib/ft^) 

wing area, m'^ (ft ) 

static thrust force, N (lb) 

chordwise coordinate, m (ft) 

spanwlse coordinate, m (ft) 

vertical coordinate, m (ft) 

angle of attack, deg 

aileron deflection, deg 

deflection of USB and double-slotted flap (deflected together) , deg 




Abbreviations: 



BLC boundary- layer control 

USB upper-surface blown 


DESCRIPTION OF INSTRUMENTED MODEL 


The model used in these tests is shown in the Langley full-scale tunnel in 
figure 1. The model had a wing span of 10.7 m (35.0 ft) and was equipped with 
two JT15D-1 tuvbofan engines (with nominal bypass ratio of 3.3). Vhe high-lift 
system consisted of leading-edge Krueger flaps extending from the engine 
nacelles to the wing tips , leading-edge blowing boundary- layer control (BLC) , 
upper-surface blown (USB) flaps extending from the fuselage to approximately 
40 percent of the semispan, double-slotted flaps extending from approximately 
40 percent to approximately 70 percent of the semispan, ailerons (capable of 
symmetrical deflection) extending from approximately 70 percent of the semispan 
to the wing tip, and aileron blowing BLC. The exhaust nozzle had an aspect 
ratio of 6.0 and a deflector attached to it to improve the spreading and turning 
of the jet exhaust. The right side of the modal war. instrumented with static 
pressure orifices at the eight spanwise stations indicated by the dashed lines 
in figure 1(a). A total of 270 pressure orifices were located on portions of 
the fuselage, wing, leading-edge Krueger flap, USB flap, double-slotted flap, 
and aileron. No static pressure orifices were located on the nacelle. 

Chordwise sections taken at stations A, B, and C in figure 1(a) are shown 
in figure 1(b). The three sections are taken through the center of the engine, 
the double-slotted flap, and the aileron, respectively. Note that flap and 
aileron deflection angles are defined with respect to the wing reference plane 
indicated by the center line. A flap deflection of 32° and a symmetrical aile- 
ron deflection of 20° corresponds to a typical take-off configuration. A flap 
deflection of 72° and a symmetrical aileron deflection of 50° corresponds to a 
typical landing configuration. 


ANALYTICAL PREDICTION METHOD 


An analytical method, presently being developed under a NASA contract, was 
used to predict the static aerodynamic loads and the longitudinal aerodynamic 
characteristics of the USB configuration shown in figure 1. The method uses 
potential flow models to represent the lifting surfaces and engine wake and pre- 
dicts the interference between these surfaces and the engine wake. The lifting 
surfaces are represented by a nonplanar vortex lattice and the engine by an 
expanding rectangular vortex "ring" model. Figure 2 illustrates the aerody- 
namic paneling scheme used to model the wing, flaps, and aileron. The shaded 
panels in figure 2 are those which receive direct interference from the engine 
wake. Figure 3 illustrates the simulated shape and location of the engine 
exhaust wake and the wake center line. The shape of the wake was empirically 
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tailored to the USB configuration of figure 1; that is, the width was deter- 
mined by measuring the width of soot deposits from photographs in reference 9, 
and the height was determined from velocity profiles in reference 11 (which used 
the same engine and wing-flap as ref. 9). The rectangular vortex rings are 
normal to the wing and flap surfaces, resulting in a jet which is tangent to 
those surfaces. The wake center line moves aft at a constant y-station (see 
axis system in fig. 3) and it leaves the trailing edge of the last flap tangent 
to that surface. It then returns to the free-stream direction via a parabolic 
path at a distance equal to approximately 1 root chord downstream. 

There are some limitations of the analytical prediction method v^hlch pre- 
vent complete simulation of the physical properties of the USB model. For 
example, the method cannot simulate either the exhaust nozzle deflector or 
leading-edge and aileron blowing BLC. In addition, there Is no provision in the 
computer program for eliminating the contributions to the normal-force coeffi- 
cient from that portion of the wing under the nacelles. 


RESULTS AND DISCUSSION 


Experimental Data 

Figure 4 contains chordwise pressure distributions at a high thrust coef- 
ficient for the landing flap deflection. Shown is a portion of the nacelle and 
the upper surface of the wing and USB flap taken along chordwise section A of 
figure 1(a). The lines normal to the surface of the wing and flap indicate the 
locatlon of static pressure orifices and the magnitudes of the pressures. The 
solid curve represents the wind-on condition (wind velocity was approximately 
14 m/sec (45 ft/sec) at sea level), and the dashed curve represents the wind- 
off condition. Both distributions have the same general shape with about a 
20-percent difference in magnitude. In both distributions the peak pressures 
occur at the knee of the flap. Also shown in the figure is a region of positive 
pressure j at the point of exhaust impingement on the upper surface of the wing. 
The shapes of these pressure distributions are very similar to those i^hown in 
reference 10 and to chose obtained in recent static tests of another large-scale 
USB model, in which peak pressures also occur at the knee of the flap. 

Figures 5 to 8 contain plots of section normal-force coefficient Cj^ as 
a function of nondimensional semispan position for the present tests. 

Note that the location of the exhaust nozzle is identified in each of these 
figures. Since no pressure orifices were located on the nacelles, Cj, does 
not include contributions from the nacelles. A common characteristic in fig- 
ures 5 to 8 is the "dip" in the normal-force coefficient distributions. The 
dip occurs inboard of the nozzle center line and is due to positive pressures 
on the wing upper surface in the region of exhar.st impingeme”t . The positive 
pressures result in significantly lower sectio.’ normal-force coefficients rela- 
tive to adjacent spanwise stations, which have smaller positive pressures. 
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In figures 5 to 8, values of both secMon nomal-force coefficient Cj) 
and angle of attack a for constant values of thrust coefficient were 

obtained by Interpolation of the basic corrected data. 

Effect of engine thrust coefficient .- Figure 5 shows spanwlse normal- 
force coefficient distributions for thrjust coefficients of 0, 2.15, and 3.93. 
The angles of attack were 9.63°, 8.62°, and 7.95°, respectively (the difference 
in a has a negligible effect on the comparison). Examination of figure 5 
Indicates that from the fuselage center line to approximately 80 percent of the 
semispan the normal-force coefficients Increased with increa^'ing thrust coeffi- 
cient. At the nozzle center line the normal-force coefficient for maximum 
thrust was an order of magnitude greater than that for zero thrust. Outboard, 
near the tip and well removed from the influence of the engine exhaust, the 
section normal-force coefficients for the two power-on conditions approached a 


common value, indicating that 


is Independent of 


near the tip. 


Effect of angle of attack .- Figure 6 shows spanwlse normal-force coeffi- 
cient distributions for angles of attack of -1.3°, 8.5°, 18.3°, and 28.3°, This 
plot indicates that from the fuselage center line to a position slightly out- 
board of the nozzle, the spanwlse normal-force coefficient is primarily depen- 
dent on the engine exhaust and shows little dependence on angle of attack. 
However, outboard of the nozzle the normal-force coefficient Increases with 
increasing angle of attack as might be expected. 


Effect of flap deflection angl e.- Figure 7 shows spanwlse normal-force 
coefficient distributions for flap deflection angles of 72° and 32°. The angles 
of attack were 8.48° for 5f = 72° and 8.03° for 6^ = 32° (the difference 
in a has a negligible effect on the comparison). Examination of figure 7 
indicates that the normal-force coefficients are consistently larger for the 
72° flap setting than for the 32° flap setting. From near the tip to well 
within the spanwlse extent of the exhaust nozzle, the normal-force coefficients 
for the 72° setting are consistently approximately twice as large as those for 
the 32° setting. Also of interest are Cjj variations from the midpoint of the 
exhaust nozzle to slightly outboard of the exhaust nozzle. For the 72° flap 
deflection, maximum values of Cj^ occurred within the spanwlse extent of the 
exhaust nozzle; for the 32° flap deflection, maximum values of Cjj occurred 
outboard of the exhaust nozzle. The locations of these maximum values Indicate 
that there was more spanwlse spreading of the high-velocity exhaust for the 
smaller flap deflection angle than for the higher flap deflection angle. 

Effect of one engine inoperative .- Figure 8 shows spanwiso normal-force 
coefficient distributions on the right wing of the model for both engines 
operating, right engine only, left engine only, and both engines inoperative. 

The normal-force coefficient distributions for both engines operating and right 
engine only are very similar, with maximum variations in the region behind the 
exhaust nozzle. The spanwlse normal-force coefficient distributions for left 
engine only and both engines inoperative are almost Identical, indicating that 
there is very little lift carryover for this model. This result is not in 
agreement with results from other USB configurations with one engine inoperative 
(for example, see ref. 10). One reason for the absence of lift carryover for 
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the present mod^l could be severe flow separation on the fuselage due to the 
interference between the fuselage and nacelles (ref. 9). It is believed that a 
leading-edgi Krujger flap between the fuselage and nacelles could provide 
attached flow in this region aud therefore provide better flow conditions for 
lift carryover with one engine inoperative, as indicated by some unpublished 
data recently obtained. 


Analytical Comparison 

Some preliminary analytical results obtained by using the prediction 
method mentioned previously are presented in this section of the paper and com- 
pared with experimental data. Figure 9 contains comparisons of experimental 
and analytical spanwise normal-force coefficient distributions at three power 
settings for a flap deflection of 72°. Measurements were made at 8 spanwise 
locations, and analytical calculations were performed at 16 locations. For 
Cjj = 0 (in the upper left side of fig. 9) there is good agreement between pre- 
dicted and measured results outboard of the nozzle. The predicted loads are 
too high in the nozzle region. As stated previously, some of this difference 
may be explained by the lifting surface model in the current program. The wing 
in the nacelle region is represented with a vortex-lattice arrangement and is 
allowed to carry loads as if the nacelle were not present. Therefore, this pro- 
cedure must be permitting too much load to be carried by the wing in this region. 
For power-on conditions (in the lower left and lower right sides of fig. 9) the 
theoretically predicted normal-force coefficient distributions show reasonably 
good agreement with the experimental results. The peak loads for both theo- 
retlrnl and experimental results occur within the spanwise extent of the exhaust 
nozzle; however, the theoretical peak loads are approximately 20 percent higher. 
Part of this difference is due to the static pressure differences just mentioned. 
Another factor contributing to the difference is that the actual flow is highly 
complex in this region, with areas of positive and negative pressures on the 
wing upper surface. The analytical prediction method cannot simulate this 
effect. Outboard, near the wing tip and away from the influence of the engine 
exhaust, the theoretical and experimental results agree more closely. 


CONCLUDING REMARKS 


Static pressures were measured on the fuselage, Krueger flap, wing, 
upper-surface blown (USB) flap, double-slotted flap, and aileron of a large- 
scale USB model equipped with turbofan engines. Section normal-force coeffi- 
cients were determined from static pressure data. The power-on section normal- 
force coefficients directly behind the exhaust nozzle were about an order of 
magnitude larger than the power-off coefficients at the same location. The 
section normal-force coefficients were insensitive to angle of attack within 
the spanwise extent of the exhaust nozzle, but very sensitive to both flap 
deflection angle and thrust coefficient. Greater spanwise spreading was 
observed with the flaps deflected for the take-off configuration (32°) than 
for the landing configuration (72°). For one engine inoperative, there was 
very little lift carryover across the fuselage for this model. 
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Some experimental data were compared with analytical results of a method 
presently being developed under contract. Preliminary results from this method 
indicate that the analytically predicted shape of the spanwise distribution of 
section normal-force coefficients is correct, but the magnitudes are approxi- 
mately 20 percent high for the power-on conditions. 
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Figure 1.- Test configuration 
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’^igure 8.- Effect of one engine inoperative on spanwise loads on 
right wing, a = 10° (nominal); = 32°; 6^ = 20°; 
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Figure 9.- Measured and calculated spanwise loads, 
a * 10° (nominal); 6f * 72°; 6^ * 50°. 
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